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Abstract
A search is presented for narrow resonances decaying to dijet final states in proton-
proton collisions at
√
s = 13 TeV using data corresponding to an integrated luminos-
ity of 12.9 fb−1. The dijet mass spectrum is well described by a smooth parameter-
ization and no significant evidence for the production of new particles is observed.
Upper limits at 95% confidence level are reported on the production cross section
for narrow resonances with masses above 0.6 TeV. In the context of specific mod-
els, the limits exclude string resonances with masses below 7.4 TeV, scalar diquarks
below 6.9 TeV, axigluons and colorons below 5.5 TeV, excited quarks below 5.4 TeV,
color-octet scalars below 3.0 TeV, W′ bosons below 2.7 TeV, Z′ bosons below 2.1 TeV
and between 2.3 and 2.6 TeV, and RS gravitons below 1.9 TeV. These extend previous
limits in the dijet channel. Vector and axial-vector mediators in a simplified model
of interactions between quarks and dark matter are excluded below 2.0 TeV. The first
limits in the dijet channel on dark matter mediators are presented as functions of dark
matter mass and are compared to the exclusions of dark matter in direct detection ex-
periments.
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11 Introduction
The dijet mass (mjj) spectrum in proton-proton (pp) collisions arising from the production of
partons at high transverse momentum (pT) is predicted by quantum chromodynamics (QCD)
to fall smoothly with increasing dijet mass. Many models of physics beyond the standard
model (SM) require new particles that couple to quarks (q) and gluons (g) and can be observed
as resonances in the dijet mass spectrum. One example is a model in which dark matter (DM)
particles couple to quarks through a DM mediator. This mediator can decay to either a pair of
DM particles or a pair of jets and therefore can be observed as a dijet resonance [1]. Here, we
report a search for narrow dijet resonances, which are those with natural widths that are small
compared to the experimental mass resolution.
This letter presents the results of two searches for dijet resonances, using data collected in
2016 with the CMS detector at the CERN LHC in pp collisions at
√
s = 13 TeV, corresponding
to an integrated luminosity of 12.9 fb−1. The first is a high-mass search for resonances with
mass above 1.6 TeV using dijet events that are reconstructed offline. Similar high-mass searches
were published by CMS and ATLAS at
√
s = 13 TeV [2, 3], 8 TeV [4–6], and 7 TeV [7–13] using
strategies reviewed in Ref. [14]. The most recently published high-mass searches used data
collected in 2015 corresponding to an integrated luminosity of 2.4 fb−1 by CMS [2] and 3.6 fb−1
by ATLAS [3]. The second is a low-mass search for resonances with mass between 0.6 and 1.6 TeV
using dijet events that are reconstructed, selected, and recorded in a compact form by the high-
level trigger (HLT) in a technique called data scouting [15]. Data scouting was previously used
for a similar low-mass search published by CMS at
√
s = 8 TeV [16].
We present model-independent results and, in addition, consider the following benchmark
models of s-channel dijet resonances: string resonances [17, 18], scalar diquarks [19], axiglu-
ons [20, 21], colorons [21, 22], excited quarks (q∗) [23, 24], color-octet scalars [25], new gauge
bosons (W′ and Z′) with SM-like or leptophobic couplings [26], DM mediators [27, 28], and
Randall–Sundrum (RS) gravitons (G) [29]. In the color-octet scalar model the squared anoma-
lous coupling used is k2s = 1/2 [30], yielding a width and a cross section that is half the value
used in the previous CMS search [2]. Following the recommendations of Ref. [27] the DM me-
diator in a simplified model [28] is assumed to be a spin-1 particle and to decay only to qq
and pairs of DM particles, with unknown mass mDM, and with a universal quark coupling
gq = 0.25 and a DM coupling gDM = 1.0. Otherwise, the specific choices of parameters for the
benchmark models are the same as those that were used in previous CMS searches, and can be
found in Ref. [7].
2 Jet reconstruction and event selection
The CMS detector and its coordinate system, including the azimuthal angle φ and the pseudo-
rapidity η, are described in detail in Ref. [31]. The central feature of the CMS apparatus is a
superconducting solenoid of 6 m internal diameter providing an axial field of 3.8 T. Within the
field volume are located the silicon pixel and strip tracker (|η| < 2.4) and the barrel and endcap
calorimeters (|η| < 3), which consist of a lead tungstate crystal electromagnetic calorimeter,
and a brass and scintillator hadron calorimeter. An iron and quartz-fiber hadron calorimeter is
located in the forward region (3 < |η| < 5), outside the field volume. For triggering purposes
and to facilitate jet reconstruction, the calorimeter cells are grouped into towers projecting ra-
dially outward from the center of the detector.
A particle-flow (PF) event algorithm reconstructs and identifies each individual particle with an
optimized combination of information from the various elements of the CMS detector [32, 33].
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Particles are classified as muons, electrons, photons, and either charged or neutral hadrons.
Jets are reconstructed either using particle flow, giving PF-jets, or from energy deposits in the
calorimeters, giving Calo-jets. PF-jets reconstructed offline are used in the high-mass search,
and Calo-jets reconstructed by the HLT are used in the low-mass search. To reconstruct both
types of jets, we use the anti-kT algorithm [34, 35] with a distance parameter of 0.4, as imple-
mented in the FASTJET package [36]. For the high-mass search, at least one reconstructed vertex
is required. The primary vertex is defined as the vertex with the highest sum of p2T of the as-
sociated tracks. For PF-jets, charged PF candidates not originating from the primary vertex are
removed prior to the jet finding. For both types of jets, an event-by-event correction based on
jet area [37, 38] is applied to the jet energy to remove the estimated contribution from additional
collisions in the same or adjacent bunch crossings (pileup).
Events are selected using a two-tier trigger system. Events satisfying loose jet requirements
at the first level (L1) are examined by the HLT. The HLT uses HT, the scalar sum of the jet
pT from all jets in the event with |η| < 3 that satisfy a jet pT requirement, to select events.
For the high-mass search, PF-jets with pT > 30 GeV are used to compute HT, and events are
accepted by the HLT if they satisfy the requirement HT > 800 GeV. We then select events with
mjj > 1.06 TeV for which the combined L1 trigger and HLT are found to be fully efficient. For
the low-mass search, when an event passes the HLT, the Calo-jets reconstructed at the HLT are
saved, along with the event energy density and missing transverse momentum reconstructed
from the calorimeter. The shorter time for event reconstruction of calorimeter quantities and
the reduced event size recorded for these events allow a reduced HT threshold compared to the
high-mass search. For the low-mass search, Calo-jets with pT > 40 GeV are used to compute
HT, the threshold is HT > 250 GeV, and we select events with mjj > 0.45 TeV for which the
trigger is fully efficient.
The jet momenta and energies are corrected using calibration constants obtained from simula-
tion, test beam results, and pp collision data at
√
s = 13 TeV. The methods described in Ref. [38]
are used and all in-situ calibrations are obtained from the current data. All jets are required to
have pT > 30 GeV and |η| < 2.5. The two jets with largest pT are defined as the leading jets.
Jet identification (ID) criteria are applied to remove spurious jets associated with calorimeter
noise. The jet ID for PF-jets is described in Ref. [39]. The jet ID for Calo-jets requires that the
jet be detected by both the electromagnetic and hadronic calorimeters with the fraction of jet
energy deposited within the electromagnetic calorimeter between 5 and 95% of the total jet
energy. An event is rejected if either of the two leading jets fails the jet ID criteria.
Spatially close jets are combined into “wide jets” and used to determine the dijet mass, as in
the previous CMS searches [4, 6, 7, 10]. The wide-jet algorithm, designed for dijet resonance
event reconstruction, reduces the analysis sensitivity to gluon radiation from the final-state
partons. The two leading jets are used as seeds and the four-vectors of all other jets, if within
∆R =
√
(∆η)2 + (∆φ)2 < 1.1, are added to the nearest leading jet to obtain two wide jets,
which then form the dijet system. The background from t-channel dijet events peaks at large
values of |∆ηjj| and is suppressed by requiring the pseudorapidity separation of the two wide
jets to satisfy |∆ηjj| < 1.3. The above requirements maximize the search sensitivity for isotropic
decays of dijet resonances in the presence of QCD dijet background. For the low-mass search,
after wide jet reconstruction and event selection, we use a correction derived from a smaller
sample of dijet data to calibrate the wide jets reconstructed from Calo-jets at HLT. With this
correction, based on a dijet balance tag-and-probe method similar to that discussed in Ref. [38],
the wide jets from Calo-jets have the same response as those reconstructed from PF-jets.
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Figure 1: Dijet mass spectra (points) compared to a fitted parameterization of the background
(solid curve) for the low-mass search (left) and the high-mass search (right). The lower panel in
each plot shows the difference between the data and the fitted parametrization, divided by the
statistical uncertainty of the data. Predicted signals from narrow gluon-gluon, quark-gluon,
and quark-quark resonances are shown with cross sections equal to the observed upper limits
at 95% CL.
Figure 1 shows the dijet mass spectra, defined as the observed number of events in each bin
divided by the integrated luminosity and the bin width, with predefined bins of width corre-
sponding to the dijet mass resolution [12]. The highest mass event has a dijet mass of 7.7 TeV.
The dijet mass spectra for both the high- and low-mass searches are fit with the following pa-
rameterization:
dσ
dmjj
=
P0(1− x)P1
xP2+P3 ln (x)
, (1)
where x = mjj/
√
s and P0, P1, P2, and P3 are four free parameters. The functional form in
Eq. (1) was also used in previous searches [2–13, 16, 40] to describe the data. In Fig. 1 we
show the result of binned maximum likelihood fits, performed independently, which yields
the following chi-squared per number of degrees of freedom: χ2/NDF = 33.3/42 for the high-
mass search and χ2/NDF = 17.3/22 for the low-mass search. The dijet mass spectra are well
modeled by the background fits. In the lower panels of Fig. 1, in the region of dijet mass
between 1.1 and 2.0 TeV, the bin-by-bin differences between the data and the background fit
are not identical in the two searches because fluctuations in reconstructed dijet mass for Calo-
jets and PF-jets are not completely correlated.
We search for narrow resonances in the dijet mass spectrum. Figure 1 shows examples of dijet
mass distributions for signal events generated with the PYTHIA 8.205 [41] program with the
CUETP8M1 tune [42, 43] and including a GEANT4-based [44] simulation of the CMS detector.
The predicted mass distributions have Gaussian cores from jet energy resolution, and tails to-
wards lower mass values primarily from QCD radiation. The contribution of the low mass tail
to the lineshape depends on the parton content of the resonance (qq, qg, or gg). Resonances
4 4 Limits on dijet resonances
containing gluons, which emit more QCD radiation than quarks, are wider and have a more
pronounced tail. The signal distributions shown in Fig. 1 are for qq, qg, and gg resonances with
signal cross sections corresponding to the limits at 95% confidence level (CL) obtained by this
analysis, as described below. There is no evidence for a narrow resonance in the data. The most
significant excess of the data relative to the background fit comes from the five consecutive bins
between 0.74 and 1.00 TeV in the low mass search shown in Fig. 1. Fitting these data to qq, qg,
and gg resonances with a mass of 0.85 TeV yields local significances of 2.2, 2.5 and 2.6 standard
deviations including systematic uncertainties, respectively.
4 Limits on dijet resonances
We use the dijet mass spectrum from wide jets, the background parameterization, and the
dijet resonance shapes to set limits on the production of new particles decaying to the parton
pairs qq (or qq), qg, and gg. A separate limit is determined for each final state (qq, qg, and
gg) because of the dependence of the dijet resonance shape on the types of the two final-state
partons.
The dominant sources of systematic uncertainty are the jet energy scale and resolution, inte-
grated luminosity, and the estimation of background. The uncertainty in the jet energy scale
in both the low-mass and the high-mass search is 2% and is determined from
√
s = 13 TeV
data using the methods described in Ref. [38]. This uncertainty is propagated to the limits by
shifting the dijet mass shape for signal by ±2%. The uncertainty in the jet energy resolution
translates into an uncertainty of 10% in the resolution of the dijet mass [38], and is propagated
to the limits by observing the effect of increasing and decreasing by 10% the reconstructed
width of the dijet mass shape for signal. The uncertainty in the integrated luminosity is 6.2%,
and is propagated to the normalization of the signal. Changes in the values of the parameters
describing the background introduce a change in the signal strength, which is accounted for as
a systematic uncertainty as discussed in the next paragraph.
The modified frequentist method [45, 46] is utilized to set upper limits on signal cross sections,
following the prescription described in Refs. [47, 48]. We use a multi-bin counting experi-
ment likelihood, which is a product of Poisson distributions corresponding to different bins.
We evaluate the likelihood independently at each value of resonance pole mass from 0.6 to
1.6 TeV in 50-GeV steps in the low-mass search, and from 1.6 to 7.5 TeV in 100-GeV steps in
the high-mass search. The systematic uncertainties are implemented as nuisance parameters in
the likelihood model, with Gaussian constraints for the jet energy scale and resolution, and log-
normal constraints for the integrated luminosity. The systematic uncertainty in the background
is automatically evaluated via profiling, effectively refitting for the optimal values of the back-
ground parameters for each value of resonance cross section. This procedure gives the same
limits as the Bayesian procedure used previously for dijet resonance searches at CMS [4]. For
both the Bayesian and modified frequentist statistical procedures we find that the background
systematic uncertainty has the largest effect on the limit. The extent to which the background
uncertainty affects the limit depends significantly on the signal shape and the resonance mass,
with the largest effect occurring for the gg resonances because they are wider, and the smallest
effect for qq resonances. The effect decreases as the resonance mass increases. For example,
considering two signals shown in Fig. 1: for a gg resonance at a mass of 0.75 TeV systematic un-
certainties increase the limit by a factor of 3, and for a qq resonance at a mass of 6 TeV systematic
uncertainties increase the limit by only 10%.
Signal injection tests were performed to investigate the potential bias introduced through the
choice of background parameterization. Pseudo-data generated assuming an alternative pa-
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Figure 2: The observed 95% CL upper limits on the product of the cross section, branching
fraction, and acceptance for quark-quark (top left), quark-gluon (top right), and gluon-gluon
(bottom left) type dijet resonances. The corresponding expected limits (dashed) and their vari-
ations at the 1 and 2 standard deviation levels (shaded bands) are also shown. All observed
limits (solid) are compared (bottom right). Limits are compared to predicted cross sections
for string resonances [17, 18], excited quarks [23, 24], axigluons [20], colorons [22], scalar di-
quarks [19], color-octet scalars [25], new gauge bosons W′ and Z′ with SM-like couplings [26],
dark matter mediators for mDM = 1 GeV [27, 28], and RS gravitons [29].
6 4 Limits on dijet resonances
rameterization, dσ/dmjj = exp(ln (P0) + P1xP2 + P1(1− x)P3), were fit with the nominal pa-
rameterization given in Eq. (1). The bias in the extracted signal was found to be negligible. We
tried other functions but did not find any with four or fewer parameters that could fit our data.
Figure 2 shows the model-independent observed upper limits at 95% CL on the product of the
cross section (σ), the branching fraction (B), and the acceptance (A) for narrow resonances, with
the kinematic requirements |∆ηjj| < 1.3 and |η| < 2.5. The acceptance of the minimum dijet
mass requirement in each search has been evaluated separately for qq, qg, and gg resonances,
and has been taken into account by correcting the limits, and therefore does not appear in
the acceptance A. The corrections are independent of the spin and coupling of the narrow
resonance at the one percent level. Figure 2 also shows the expected limits on the cross section
and their bands of uncertainty. The difference in the limits for qq, qg, and gg resonances at the
same resonance mass originates from the difference in their lineshapes.
All upper limits presented can be compared to the parton-level predictions of σ B A, without
detector simulation, to determine mass limits on new particles. The model predictions shown
in Fig. 2 are calculated in the narrow-width approximation [14] using the CTEQ6L1 [49] PDF
at leading order, with a next-to-leading order correction factor of approximately 1.3 included
for the W′ and Z′ models, and approximately 1.2 for the axigluon/coloron models [21]. The
branching fraction includes the direct decays of the resonance into the five light quarks and
gluons only, excluding top quarks from the decay, although top quarks are included in the
calculation of the resonance width. The acceptance is evaluated at the parton level for the
resonance decay to two partons. In the case of isotropic decays, the acceptance is A ≈ 0.6 and
is independent of the resonance mass. For a given model, new particles are excluded at 95%
CL in mass regions where the theoretical prediction lies at or above the observed upper limit
for the appropriate final state of Fig. 2. For the RS graviton model, the decay fraction is 60%
to quarks and 40% to gluons, and we obtain mass limits by comparing the model cross section
curve to the weighted average of the limits in the qq and gg final states. Mass limits on all
benchmark models are summarized in Table 1 and are more stringent than the mass limits in
the dijet channel previously published by CMS [2] and ATLAS [3].
Table 1: Observed and expected mass limits at 95% CL. The listed models are excluded be-
tween 0.6 TeV and the indicated mass. In addition to the observed mass limits listed below, this
analysis also excludes a Z′ in the mass interval between 2.3 and 2.6 TeV.
Model Final Limit [TeV]
state Obs. Exp.
String qg 7.4 7.4
Scalar diquark qq 6.9 6.8
Axigluon/coloron qq 5.5 5.6
Excited quark qg 5.4 5.4
Color-octet scalar (k2s = 1/2) gg 3.0 3.3
W′ qq 2.7 3.1
Z′ qq 2.1 2.3
DM mediator (mDM = 1GeV) qq 2.0 2.0
RS graviton qq, gg 1.9 1.8
Mass limits on new particles are sensitive to assumptions about their coupling. Conversely, at a
fixed resonance mass, models with smaller couplings are excluded by searches with increased
sensitivity. Figure 3 shows our upper limits on the coupling as a function of mass for a model of
a leptophobic Z′ resonance with a universal quark coupling, g′q [27], related to the Z′ coupling
convention of Ref. [50] by g′q = gB/6.
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Figure 3: The 95% CL upper limits on the universal quark coupling g′q as a function of resonance
mass for a leptophobic Z′ resonance that only couples to quarks. The observed limits (solid),
expected limits (dashed) and their variation at the 1 and 2 standard deviation levels (shaded
bands) are shown. Dotted horizontal lines show the coupling strength for which the cross
section for dijet production in this model is the same as for a DM mediator (see text).
5 Limits on dark matter
We use our limits to constrain simplified models of DM, with leptophobic vector and axial-
vector mediators that couple only to quarks and DM particles [27, 28]. Figure 4 shows the
excluded values of mediator mass as a function of mDM for both types of mediators. For mDM
= 1 GeV, indistinguishable from zero, the excluded range of mediator mass (MMed) is between
0.6 and 2.0 TeV, as also shown in Fig. 2 and listed in Table 1. An additional excluded range of
0.5 < MMed < 0.6 TeV, not shown, comes from the low-mass search at
√
s = 8 TeV [16]. In Fig. 4
the expected upper value of excluded MMed increases with mDM to as high as 2.65 TeV because
the branching fraction to qq increases with mDM. If mDM > MMed/2, the mediator cannot decay
to DM particles, and the dijet cross section from the mediator models becomes identical to that
in the leptophobic Z′ model used in Fig. 3 with a coupling g′q = gq = 0.25. Therefore for these
values of mDM the limits on the mediator mass in Fig. 4 are identical to the limits on the Z′
mass at g′q = 0.25 in Fig. 3. Similarly, if mDM = 0, the limits on the mediator mass in Fig. 4 are
identical to the limits on the Z′ mass at g′q = gq/
√
1 + 16/(3N f ) ≈ 0.182 in Fig. 3, where N f is
the effective number of quark flavors contributing to the width of the resonance.
As outlined in detail in Ref. [27] these results can also be compared with results from direct
detection experiments. The limits in Fig. 4 are first re-calculated at 90% CL, and then translated
into the plane of the DM mass versus the DM-nucleon interaction cross section from the pre-
dicted relation between the interaction cross section and the mediator mass. An axial-vector
mediator leads to a spin-dependent cross section, σSD, and a vector mediator leads to a spin-
independent cross section, σSI. Figure 5 shows the comparison of these results with dark matter
searches by direct detection [56–63]. The gap in the CMS excluded region in Fig. 5 corresponds
to a structure with a statistical significance of one standard deviation seen at a mass of 2.2 TeV
in Figs. 1-4. For our benchmark model the present search excludes a significantly smaller σSD
than the direct detection experiments, and a competitive region of σSI. We note that the ab-
solute exclusion of this search, as well as its relative importance with respect to other dark
matter searches, strongly depends on the chosen coupling and model scenario. Nevertheless,
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Figure 4: The 95% CL observed (solid) and expected (dashed) excluded regions in the plane of
dark matter mass vs. mediator mass, for an axial-vector mediator (left) and a vector mediator
(right), are compared to constraints from the cosmological relic density of DM (light gray)
determined from astrophysical measurements [51, 52] and MADDM version 2.0.6 [53, 54] as
described in Ref. [55]. Following the recommendation of the LHC DM working group [27, 28],
the exclusions are computed for Dirac DM and for a universal quark coupling gq = 0.25 and
for a DM coupling of gDM = 1.0. It should also be noted that the excluded region strongly
depends on the chosen coupling and model scenario. Therefore, the excluded regions and relic
density contours shown in this plot are not applicable to other choices of coupling values or
models.
this benchmark model, a vector or an axial-vector mediator with a universal quark coupling
gq = 0.25 and a DM coupling of gDM = 1.0, illustrates that dijet searches can place significant
bounds on relevant DM models and thus are important ingredients in the search for DM.
6 Summary
Two searches for narrow resonances decaying into a pair of jets have been performed us-
ing proton-proton collisions at
√
s = 13 TeV corresponding to an integrated luminosity of
12.9 fb−1: a low-mass search based on calorimeter jets, reconstructed by the high level trigger
and recorded in compact form (data scouting), and a high-mass search based on particle-flow
jets. The dijet mass spectra are observed to be smoothly falling distributions. In the analyzed
data samples, there is no evidence for resonant particle production. Generic upper limits are
presented on the product of the cross section, the branching fraction, and the acceptance for nar-
row quark-quark, quark-gluon, and gluon-gluon resonances that are applicable to any model
of narrow dijet resonance production. String resonances with masses below 7.4 TeV are ex-
cluded at 95% confidence level, as are scalar diquarks below 6.9 TeV, axigluons and colorons
below 5.5 TeV, excited quarks below 5.4 TeV, color-octet scalars below 3.0 TeV, W′ bosons be-
low 2.7 TeV, Z′ bosons with SM-like couplings below 2.1 TeV and between 2.3 and 2.6 TeV, and
Randall–Sundrum gravitons below 1.9 TeV. This extends previously published limits in the di-
jet channel. The first limits are set on a simplified model of dark matter mediators based on the
dijet channel, excluding vector and axial-vector mediators below 2.0 TeV, and using a univer-
sal quark coupling gq = 0.25 and a dark matter coupling gDM = 1.0. Limits on the mass of a
dark matter mediator are presented as a function of dark matter mass, and are translated into
upper limits on the cross section for dark matter particles scattering on nucleons that are more
sensitive than those of direct detection experiments for spin-dependent cross sections.
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Figure 5: Excluded regions at 90% CL in the plane of dark matter nucleon interaction cross sec-
tion vs. dark matter mass. (left) The CMS exclusion of a spin-dependent cross section (shaded)
from an axial-vector mediator decaying to dijets is compared with limits from the PICO ex-
periments [56, 57], IceCube [58], and Super-Kamiokande [59]. (right) The CMS exclusion of a
spin-independent cross section (shaded) from a vector mediator decaying to dijets is compared
with the LUX 2016 [60], PandaX-II 2016 [61], CDMSLite 2015 [62], and CRESST-II 2015 [63] lim-
its, which have documented the most constraining results in the shown mass range. The CMS
exclusions are for Dirac DM and couplings gq = 0.25 and gDM = 1, for leptophobic axial-vector
and vector mediators, and they strongly depend on these choices and are not applicable to
other choices of coupling values or models. The CMS limits do not include a constraint on the
relic density.
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